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The importance of the spin-orbit coupling (SOC) effect in Fe-based superconductors (FeSCs) has
recently been under hot debate. Considering the Hund’s coupling-induced electronic correlation,
the understanding of the role of SOC in FeSCs is not trivial and is still elusive. Here, through
a comprehensive study of 77Se and 57Fe nuclear magnetic resonance, a nontrivial SOC effect is
revealed in the nematic state of FeSe. First, the orbital-dependent spin susceptibility, determined
by the anisotropy of the 57Fe Knight shift, indicates a predominant role from the 3dxy orbital,
which suggests the coexistence of local and itinerant spin degrees of freedom (d.o.f.) in the FeSe.
Then, we reconfirm that the orbital reconstruction below the nematic transition temperature (Tnem
∼ 90 K) happens not only on the 3dxz and 3dyz orbitals but also on the 3dxy orbital, which is
beyond a trivial ferro-orbital order picture. Moreover, our results also indicate the development of
a coherent coupling between the local and itinerant spin d.o.f. below Tnem, which is ascribed to a
Hund’s coupling-induced electronic crossover on the 3dxy orbital. Finally, due to a nontrivial SOC
effect, sizable in-plane anisotropy of the spin susceptibility emerges in the nematic state, suggesting
a spin-orbital-intertwined nematicity rather than simply spin- or orbital-driven nematicity. The
present work not only reveals a nontrivial SOC effect in the nematic state but also sheds light on
the mechanism of nematic transition in FeSe.
I. INTRODUCTION
Electronic correlation is widely accepted as a predom-
inant physical origin for the production of the various
quantum matter states in high-temperature supercon-
ductors (HTS), including cuprate superconductors [1]
and Fe-based superconductors (FeSCs) [2–4]. In con-
trast, spin-orbit coupling (SOC) due to the relativistic
motion of electrons has always been considered insignif-
icant in these HTS families. However, a renaissance on
the SOC in FeSCs is greatly promoted by the recent ef-
forts to search for the influence of SOC on physical prop-
erties [4–22]. In general, SOC can intertwine spin and
orbital degrees of freedom (d.o.f.) in solids and induce
intriguing physical properties such as nontrivial topolog-
ical band structure [23–26] and exotic superconducting
pairing [27–29]. Recently, a nontrivial topological band
structure has been successfully verified in iron chalco-
genide superconductors [19–21] that confirms the impor-
tance of SOC on the band structure in FeSCs. A natural
follow-up question is how to understand the SOC effect
on the various quantum matter states, such as nematic
and superconducting states, due to electronic correlation
in FeSCs [13–18].
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FeSe is a good material for exploring the above issues.
Because of its prominent electronic correlation, FeSe ex-
periences a distinctive nematic transition compared with
iron-pnictide superconductors [Fig. 1(a)] [30–32]. Below
the nematic transition temperature (Tnem∼ 90 K), only
orbital order (without the presence of a long-range mag-
netic order) is observed down to the superconducting
temperature (Tc∼ 8.9 K) [33, 34]. Currently, the un-
derlying mechanism for such nematic transition is still
under debate [35]. However, a sizable band splitting due
to SOC has been confirmed by recent angle-resolved pho-
toemission spectroscopy (ARPES) measurement in FeSe.
Moreover, such a SOC effect on band structure still sur-
vives in the presence of orbital order below Tnem [12, 18].
Furthermore, a significant anisotropy for spin excitations
has also been observed in the nematic state with an in-
elastic neutron scattering experiment (INS) [13], suggest-
ing a prominent role of SOC in the nematic state. All of
the above facts indicate the important role of SOC in the
physical properties of the nematic state in FeSe.
To further clarify the SOC effect and its implication in
the nematic state, we conducted a site-selective nuclear
magnetic resonance (NMR) study on a FeSe single crys-
tal. In the previous NMR studies [33, 34], only 77Se nuclei
have been measurable, and the 57Fe nuclei have been al-
most immeasurable due to their low abundance (∼2.12%)
and the small nuclear gyromagnetic ratio ( 57γ/2pi =1.376
MHz/T). By synthesizing the high-quality 57Fe-enriched
(>98%) FeSe single crystals, we successfully conducted
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2FIG. 1: NMR evidence for the Ising nematic transition in
FeSe. (a) Illustrative diagram of the Ising nematic transi-
tion in FeSe. Above Tnem, the system is in a paramagnetic
state with an isotropic dynamic spin correlation [χ′′(q)|(pi,0) =
χ′′(q)|(0,pi)]. Moreover, the 3dxz and 3dyz orbitals are also
degenerate. In such a state, the local-spin susceptibility is
also isotropic within the ab plane (indicated as a pink cir-
cle in the < Sa > vs < Sb > plot, in which < Sa > and
< Sb > represent the local-spin polarization within the ab
plane). With the temperature lowering, a ferro-orbital or-
dering between the 3dxz and 3dyz orbitals accompanied by
an orthorhombic lattice distortion (a6=b) takes place at Tnem
(indicated as the dashed black line). Two kinds of structural
domains with different orbital polarizations appeare equally,
which always leads to a splitting in the NMR spectrum with
H ‖a [Figs. 1(b) and 1(c)]. Because of SOC, the local spin
susceptibility is expected to gain a slight anisotropy in each
domain [36] (indicated as a pink ellipse in < Sa > vs < Sb >
plot). The dynamic spin correlation is coupled with the or-
bital order and shows an anisotropic nature. Here, whatever
the driving force is for such an Ising nematic transition, the
orbital order and anisotropic dynamic spin correlation are al-
ways twisted [37, 38]. (b,c) Normalized NMR spectra for 57Fe
and 77Se nuclei with H ‖a. Below Tnem, a clear splitting of
the line shape due to the formation of the nematic domains as
discussed above is shown in the spectra for both the 57Fe and
77Se nuclei. It should be noted that the two splitting NMR
lines for the 77Se nuclei show different intensities, which are
caused by a partial detwinning due to unintentional strain
from the tight NMR coils. We determine that such uninten-
tional strain did not change any NMR results in the study
and that the strain could be easily removed using loose NMR
coils.
NMR measurements on 57Fe nuclei. The main findings
from our present NMR results are summarized below.
First, we reveal the predominant role of the 3dxy orbital
on the orbital-dependent spin susceptibility, suggesting
the importance of local spins for the local spin suscepti-
bility, Second, a significant involvement of the 3dxy or-
bital in orbital reconstruction below Tnemis determined,
which unambiguously excludes a trivial ferro-orbital or-
der in the nematic state. Third, our results also indi-
cate a Hund’s coupling-induced incoherent-to-coherent
crossover on the 3dxy orbital below Tnem. Finally, due
to a nontrivial SOC effect, sizable in-plane anisotropy of
the spin susceptibility is observed in the nematic state,
which suggests a spin-orbital-intertwined nematicity in
the FeSe.
II. METHODS
The 57Fe isotope-enriched (>98%) FeSe single crys-
talline samples were grown by a KCl-AlCl3 flux method
(see Supplemental Material [39]). The resistivity and
the bulk magnetic susceptibility characterizations on the
57Fe isotope-enriched samples are presented in the Sup-
plemental Material [39]. These characterizations are the
same as those of the normal samples with low abundance
of 57Fe isotope. The details on the NMR measurement
and relevant experimental setup are also described in the
Supplemental Material [39]. Standard relaxation fitting
functions and the fast Fourier transform (FFT) method
were applied to analyze the NMR data. More details
on the analysis of the NMR results are illustrated in the
Supplemental Material [39].
III. RESULTS
A. The Knight shift of the 57Fe nuclei:
Orbital-dependent spin susceptibility
First, Figs. 1(b) and 1 (c) show the frequency-swept
NMR spectra of the 57Fe and 77Se nuclei for an in-plane
magnetic field (H ‖a) in the temperature range of 8–200
K. A remarkable splitting of the NMR spectra is observed
below Tnem for both nuclei, which is ascribed to the for-
mation of two orthogonal nematic domains with H ‖a and
H ‖b [32–34, 40, 41]. For the out-of-plane magnetic field,
since both of the nematic domains are equivalent, there
is no clear splitting for the NMR spectra with H ‖c be-
low Tnem(see Fig. S2 in Supplemental Material [39]).
The absence of splitting in the 57Fe NMR spectra with
H ‖c excludes a translational symmetry breaking in one
Fe unit cell due to exotic orbital ordering [42], support-
ing the identical orbital configuration at each Fe site (see
Sec. S2 of the Supplemental Material [39]).
Then, we extract the Knight shift Kα (α=a, b, c) from
the peak position of the NMR spectra. The temperature-
dependent Knight shift for both the 77Se and 57Fe nuclei
are shown in Fig. 2. Generally, the Knight shift can be
divided into two parts: Kα = Kαs + K
α
orb (α= a, b, c).
Note that Kαs is the contribution from spin d.o.f. (spin
shift), which is proportional to the local spin susceptibil-
ity (χs), and it is usually temperature dependent. K
α
orb
3FIG. 2: Knight-shift evidence for orbital-dependent spin susceptibility and orbital order beyond a trivial ferro-orbital picture.
(a)–(d) Temperature-dependent the 57Fe and 77Se NMR Knight shift for H ‖a and H ‖c. The red and blue open triangles
represent the Knight shifts of the two splitting peaks below Tnem. The open gray circles below Tnem represent the averaged
value of the splitting Knight shifts. The variation of the 57Fe and 77Se Knight shifts above Tnemwith H ‖a and H ‖c are
indicated as filled gray rectangles. In panel (d), based on a two-orbital model with only 3dxz and 3dyz orbitals, the simulated
temperature-dependent 57Fe Knight shifts below Tnem are also depicted (see the Methods section in the Supplemental Material
for details [39]). The solid orange and magenta curves represent the two splitting Knight shifts. The gray bold line represents
the average value of the two splitting Knight shifts. Here, ∆N is the electron population difference between the 3dxz and 3dyz
orbitals due to the ferro-orbital order. (e) Sketches of the primary hyperfine interactions on 57Fe and 77Se nuclei. The hyperfine
field on 77Se is transferred from the Fe 3d orbitals through the hybridization with the 4p and 4s orbitals at the Se sites (Hthf ).
For the 57Fe nuclei, the dominated hyperfine field is the on-site hyperfine coupling (Hohf ) (see main text). (f) The role of the
3dxy orbital on the Knight shift below Tnem. An imbalance distribution of electrons on the 3dxz and 3dyz orbitals within a
two-orbital model will only cause a splitting in the NMR spectra with H ‖a. When considering the redistribution between the
3dxy and 3dxz (3dyz) orbitals, an overall shift to a lower resonant frequency is expected.
is the contribution from the orbital d.o.f. (orbital shift),
which is usually temperature-independent. By utilizing
K − χbulk analysis, we can separate the spin shift and
the orbital shift from the total Knight shift for both nu-
clei (see the Methods section of the Supplemental Mate-
rial [39]). Above Tnem, although the bulk spin suscepti-
bility is almost isotropic (see Fig. S3 in the Supplemental
Material [39]), the spin shift for the 57Fe nuclei exhibits a
sizable anisotropy between the ab plane and out-of-plane
[Figs. 2(b) and 2(d)]. Since Kαs = A
αχαs , where A
α is the
hyperfine coupling tensor between the nuclear and elec-
tronic spins, the anisotropic spin shift directly reflects
the anisotropy of Aα in this case.
Next, we discuss the origin of the anisotropic Aα for
the 57Fe nuclei. Since the transferred hyperfine coupling
is usually much less anisotropic than the on-site hyper-
fine coupling [Fig. 2(e)] [43], we then consider only the
on-site hyperfine coupling as the origin of the anisotropic
Aα. Given a dominant dipolar hyperfine coupling, the
anisotropic part of Aα strongly depends on the local 3d
orbital configuration at the 57Fe sites (see the Methods
section in the Supplemental Material [39]). In our case,
if considering an orbital configuration with a dominant
3dxz or 3dyz character, we expect Ac < Aa. This re-
sult is inconsistent with our experimental result. Only
a dominant 3dxy character can be fitted to the observed
anisotropy for Aα. This case indicates the predominant
role of the 3dxy orbital for the local-spin susceptibility.
From the theoretical perspective, for simplicity, the spin
susceptibility can be understood by either an itinerant
spin picture or a local-spin picture. In the itinerant spin
picture, the spin susceptibility is due to Pauli paramag-
netism and proportional to the density of states (DOS)
at Fermi level. Our NMR results indicate that if such
4an itinerant spin picture is applicable in FeSe, the DOS
at the Fermi level should have mainly come from the
3dxy orbital. However, this is in conflict with previous
ARPES results, in which the primary energy band across
the Fermi level have 3dxz or 3dyz characteristics[44–47].
The 3dxy orbital has much less spectral weight at the
Fermi level. This strongly suggests that the local spins
need to be seriously considered together with the itiner-
ant spins in this system. Although the Hund’s coupling-
induced orbital-selective electronic correlation can offer
a possible mechanism for such coexistence of local and
itinerant spins in FeSe[6, 48–52], understanding the local
spins is not straightforward. We will discuss more this
issue in more detail later.
In contrast to the 57Fe nuclei, the spin shift for the
77Se nuclei shows much less anisotropy. The hyperfine
coupling tensor of the 77Se is determined by the polar-
ization of the 4p and 4s orbitals at the Se sites through
the hybridization with the 3d orbital at the Fe sites. Only
the less-extended (hybridized) Se-4p orbital can provide
an anisotropic hyperfine field on the 77Se . Thus, the
weak anisotropy of spin shift at the 77Se sites is expected,
which makes the 3dxy orbital at the
57Fe sites indistin-
guishable from the 77Se NMR.
B. Orbital reconstruction beyond a trivial
ferro-orbital order
With the above knowledge on the orbital-dependent
local-spin susceptibility, we next discuss the results in
the nematic state. As shown in Fig. 2(d), in addition
to the well-known splitting of the NMR spectra due to
the nematic order, the averaged in-plane Knight shift of
the 57Fe nuclei [Kab(T )] also exhibits a remarkable up-
turn behavior below Tnem, which is in sharp contrast
to the Knight shift of the 77Se nuclei. If we only con-
sider a simple ferro-orbital order with a redistribution
of the orbital population between 3dxz and 3dyz orbitals
as suggested by previous 77Se NMR results [33], the ex-
pected behavior of the averaged in-plane Knight shift
for both 57Fe and 77Se nuclei should follow the same
temperature dependence below Tnem[see the caption in
Fig. 2(d)]. This case suggests that a simple ferro-orbital
order involving only 3dxz and 3dyz orbitals is insufficient
to understand the present 57Fe NMR results. Consid-
ering previous ARPES results [44, 46, 53], it strongly
supports a necessary change of the 3dxy orbital in the
nematic state. For simplicity, we consider one possible
change of the population on the 3dxy orbital as shown in
Fig. 2(f). In this case, the upturn behavior of the aver-
aged in-plane Knight shift of the 57Fe nuclei is due to the
population reduction on the 3dxy orbital in the nematic
state. However, such an explanation only makes sense
within an itinerant spin picture in consideration of the
Fermi surface reconstruction, which is still too simple to
elucidate the underlying physics for the 57Fe Knight shift
below Tnem.
What are the underlying physics that accounted for
such an change of the 3dxy orbital? As we mentioned
before, the orbital-dependent spin susceptibility deter-
mined by the 57Fe Knight shift is beyond a simply itin-
erant spin picture and the local spins need to be consid-
ered as a predominant origin. If considering the Hund’s
coupling-induced electronic correlation in FeSCs, such
coexistence of the itinerant and local spins is a nat-
ural consequence of the so-called orbital-selective elec-
tronic correlation [48, 49, 54]. In FeSCs, the 3dxy or-
bital always presents a stronger electronic correlation
than the others and it should play a key role for the
local spins [52], which is also supported by the present
57Fe NMR results. However, considering the hybridiza-
tion among various orbitals, a universal incoherent-to-
coherent electronic crossover is also a manifestation of
the Hund’s coupling-induced electronic correlation [48],
which has already been verified in FeSCs [49–51]. Such
electronic crossover has also been observed in most iron
chalcogenide superconductors by ARPES [55]. One main
feature for such electronic crossover in these iron chalco-
genide superconductors is that, with the emergence of
the 3dxy band with decreasing temperature, a hybridiza-
tion gap due to the cross of 3dxy and 3dxz bands opens
around the M point. We propose that the change of the
3dxy orbital suggested by the present
57Fe Knight shift
could be ascribed to a similar incoherent-to-coherent elec-
tronic crossover on the 3dxy orbital. Very recently, two
ARPES experiments indicated that, since the nematic
band shifting enables a band crossing between 3dxy and
3dxz bands at M point, a hybridization gap occurs below
Tnem [56, 57] which may further promote the incoherent-
to-coherent crossover of the 3dxy band. Therefore, our
NMR result suggests a close correlation between nematic
transition and incoherent-to-coherent crossover of the
3dxy band. Further theoretical calculation is needed to
verify the above picture with a quantitative explanation
of the results of the 57Fe Knight shift.
C. Evidence for spin-space anisotropy: Uniform
spin susceptibility
Next, we turn to the detailed analysis of the splitting
of NMR spectrum under H ‖a below Tnem. As we dis-
cussed before, the splitting of the NMR spectrum is due
to the formation of two orthogonal nematic domains with
H ‖a and H ‖b. Hence, measuring the splitting of the
NMR spectrum is actually equal to measuring the in-
plane anisotropy of the Knight shift, which is defined as
∆K(T ) = Kas (T ) − Kbs(T ). Since Kαs = Aαs χαs , both
of the in-plane anisotropies of the hyperfine coupling
constant [∆As(T ) =
57,77 Aas(T ) −57,77 Abs(T ))] and the
local-spin susceptibility [∆χs(T ) = χ
a
s(T ) − χbs(T )] con-
tribute to ∆K(T ). When ∆K(T )/(Kab(T ))  1 and
when Kab(T ) is weakly temperature dependent below
Tnem, ∆K(T ) can be approximately expressed as a lin-
ear combination of ∆As(T ) and ∆χs(T ). A previous
77Se NMR study determined that ∆77K(T ) is linearly
related to the order parameter of the orbital orderig tran-
sition [∆o(T )] [33]. This conclusion is correct only when
both ∆77As(T ) and ∆χs(T ) are proportional to ∆o(T ).
5FIG. 3: Knight-shift evidence for a sizable anisotropy in spin space: temperature-dependent splitting of the Knight shift. (a)
Temperature evolution of the in-plane Knight- shift anisotropy of 57Fe and 77Se . The experimental data are shown as solid light-
blue squares (57Fe ) and solid light-magenta squares (77Se ). The T -dependent lattice orthorhombicity δ(T )(δ = (a−b)/(a+b))
measured through synchrotron high-energy x-ray diffraction in Ref. [42] is also reproduced with solid dark-green circles. The
inset (top right) shows the proportional relationship in the proximity of the second-order phase transition: (∆57K, ∆77K,
δ(T )∝(Tnem-T)1/2).The discrepancy below T ∗ is also clearly shown. Below about 20 K, all three quantities are saturated. The
solid lines are guides for the eye. (b) The temperature-dependent ∆Ko(T ) and lattice orthorhombicity δ(T ). The ∆Ko(T ) and
δ(T ) are marked as open orange circles and filled green circles. [The data are interpolated from panel (a)]. The inset shows the
cartoon picture for the orbital-related band splitting and orthorhombic structural distortion. (c) The temperature-dependent
∆Ks(T )(or anisotropy of the local-spin susceptibility). Interestingly, the ∆Ks(T ) starts to arise only below T
∗ instead of
immediately below Tnem. The inset shows a cartoon depiction of the anisotropic spin polarization in the Ising nematic state.
The extracted ∆Ks(T ) was interpolated from the original data shown in panel (a) with spline interpolation methods.
Considering an orbital-driven (only the orbital d.o.f was
activated) ferro-orbital order, a finite SOC will only pro-
duce a negligible ∆χs(T ), which should be proportional
to ∆o(T ). This case was verified by the RPA calcula-
tion in BaFe2As2 by only considering a ferro-orbital or-
der without invoking spin d.o.f. [36]. In this situation,
the above conjecture is naturally satisfied. This has been
used as a proof to support the orbital-driven nematic or-
der in FeSe [33]. However, the present result proves that
∆χs(T ) has a sizable value and that it is not linearly
coupled to ∆o(T ).
As shown in Fig.3(a), when we plot the ∆K(T )
for both the 77Se and 57Fe nuclei together, there is
a clear difference between ∆77K(T ) and ∆57K(T ) be-
low a characteristic temperature T ∗ ∼75 K. Especially
for ∆77K(T ), it starts to decrease below about 60
K. This behavior has already been observed in a pre-
vious NMR measurement, but its origin is still elu-
sive [33, 34]. A strong temperature-dependent in-plane
spin susceptibility[χabs (T )] can give a simple explana-
tion [58]. However, such explanation seems unlikely,
because both the bulk spin susceptibility and the spin
shift are almost temperature independent below 60 K
(see Figs. S3 and S4 in the Supplemental Material [39]).
Furthermore, we also plot the temperature dependent
orthorhombic distortion of the lattice δ(T ) in Fig. 3(a),
which is proportional to ∆o(T ) [59]. Neither ∆
77K(T )
nor ∆57K(T ) could be scaled to δ(T ). The key to solv-
ing the discrepancy between ∆77K(T ) and ∆57K(T ) is
to consider a nontrivial ∆χs(T ) that is not simply pro-
portional to ∆o(T ). As we discussed before, ∆
57,77K(T )
can be expressed as a linear combination of both ∆As(T )
6FIG. 4: Anisotropic nuclear spin-lattice relaxation in the nematic state: Temperature- dependent anisotropy in the spin-lattice
relaxation rate divided by T . (a) Nuclear spin-lattice relaxation rate divided by T versus the temperature on the 57Fe and
77Se sites with H ‖a. Note that 1/T1T of 77Se in different domains are marked as open magenta and orange circles. The
1/T1T of
57Fe in different domains are marked as open green and blue squares. In order to compare with 57Fe and 77Se , the
magnitudes of the 1/T1T for
77Se were shifted up by 0.1. Interestingly, the splitting of 1/T1T for
57Fe and 77Se starts from
different temperatures. (b) The temperature-dependent anisotropy in the 1/T1T is defined as ∆1/T1T =
1/T1T |H‖a−1/T1T |H‖b
1/T1T |H‖a+1/T1T |H‖b .
The anisotropies for both 57Fe and 77Se showed distinct temperature evolution below Tnem. Note that ∆
571/T1T is negligible
between T ∗ and Tnem and then linearly increases below T ∗, which is scaled with ∆s(T ). In stark contrast to ∆571/T1T ,
∆771/T1T shows a rapid increase immediately below Tnem and then follows a broad peak around 65 K. Finally, ∆
771/T1T
becomes saturated with temperature below 50 K. As discussed in the main text, such a difference between 57Fe and 77Se is
related to the detailed information on both Ahf (q) and χ
′′(q, ω) (see S8 in the Supplemental Material [39]).
and ∆χs(T ) as shown in [33]:
∆57,77K(T )
=57,77 Aas(T )χ
a
s(T )−57,77 Abs(T )χbs(T )
= 1/2{[57,77Aas(T )−57,77 Abs(T )][χas(T ) + χbs(T )]+
[57,77Aas(T ) +
57,77 Abs(T )][χ
a
s(T )− χbs(T )]}
= 1/2{χabs (T )∆o(T ) + 57,77Aabs (T )∆χs(T )}
Because both χabs (T ) and
57,77Aabs (T ) are weakly
temperature dependent below Tnem, the expression
can be simplified as ∆57,77K(T ) ' 1/2{χabs ∆o(T ) +
57,77Aabs ∆χs(T )}. Since Aαs (T ) can be determined by
the Kαs (T ) − χbulk(T ) plot, we find that the sign of the
second term in the expression is different for 77Se and
57Fe (see Figs. S4 and S5 in the Supplemental Ma-
terial [39]). When ∆χs(T ) is not simply proportional
to ∆o(T ), ∆K(T ) for both of the nuclei will naturally
show different temperature dependences, including the
decrease in ∆77K(T ). Based on the above analysis, we
can separate ∆o(T ) [Fig. 3(b)] and ∆χs(T ) [Fig. 3(c)]
from ∆57,77K(T ) (see Supplemental Material [39]). The
extracted ∆o(T ) is proportional to δ(T ) as expected. In
contrast, the extracted ∆χs(T ) is almost negligible just
below Tnem. It starts to linearly increase only below
T ∗∼75 K and level off to a sizable value below about 20
K. A rough estimation for ∆χs(T )/χs(T ) is about 14%
at around 10 K (see Fig. S6 in the Supplemental Mate-
rial [39]).Such sizeable anisotropy is not consistent with a
simply orbital-driven nematic order [33, 36], suggesting a
novel spin-orbital intertwined nematic state. This result
is another main finding of the present work.
Recently, the bulk magnetic susceptibility measure-
ments on a FeSe single crystal with a uniaxial strain also
revealed similar in-plane anisotropy of the spin suscep-
tibility [60]. However, the starting temperature for such
in-plane anisotropy was observed slightly above Tnem.
Since our NMR experiment is performed without any ex-
ternal strain, the external strain effect might be a cause
for such discrepancy on the starting temperature. How-
ever, the in-plane anisotropy in bulk magnetic suscepti-
bility was ascribed to a short-range stripe magnetic or-
der [60]. In this case, the short-range magnetic order will
strongly broad the linewidth of NMR spectrum, which
can not give a clear line splitting. This is in conflict with
7the present NMR experiment, in which the anisotropy
of local spin susceptibility only affects the uniform spin
shift rather than the linewidth (see Sec. S7 in the Sup-
plemental Material [39]). Therefore, the possibility of a
short-range magnetic order can be ruled out.
D. Evidence for spin-space anisotropy: Dynamic
spin susceptibility
In order to further verify the spin-space anisotropy
in the nematic state, we also study the nuclear spin-
lattice relaxation. In general, the quantity of 1/T1T
(spin-lattice relaxation rate divided by T ) measures the
strength of low-energy spin fluctuations with 1/T1T ∼
Σqγ
2
n|A⊥(q)|2 χ
′′(q,ω)
ω , where χ
′′(q, ω) and A⊥(q) are the
q-dependent dynamic spin susceptibility and the trans-
verse hyperfine form factor, respectively [41]. When the
χ′′(q, ω) exhibits a similar spin-space anisotropy as the
uniform spin susceptibility, the 1/T1T is a good indicator.
In addition to the spin-space anisotropy, the anisotropic
spin excitations in k space due to stripe-type spin fluc-
tuations [Fig. 1(a)] [38], which are always twisted with
orbital order in the nematic state, could also affect the
anisotropy of 1/T1T (see Fig. S8 in the Supplemen-
tal Material [39]). This result has already been verified
in NaFe1−xCoxAs [41]. In this case, a specific A⊥(q)
is necessary to transfer the k-space anisotropy into the
anisotropy of 1/T1T . Otherwise, the anisotropic spin ex-
citation in k-space can not have a significant effect on the
anisotropy of 1/T1T . After careful analysis on the A⊥(q)
for both the 77Se and 57Fe sites, we find that only the
77Se nuclei can satisfy the above requirement for A⊥(q).
Therefore, the anisotropy of 1/T1T for
77Se nuclei can be
affected by the anisotropy in both spin and k space, but
the anisotropy of 1/T1T for
57Fe nuclei can be affected
only by the spin-space anisotropy.
As shown in Fig. 4(a), the temperature-dependent
1/T1T for each splitting NMR line shows a similar be-
havior, but with different values below Tnem. This re-
sult means that the 1/T1T for each structural domain is
anisotropic within the ab plane. If we define ∆1/T1T =
1/T1T |H‖a−1/T1T |H‖b
1/T1T |H‖a+1/T1T |H‖b , it is clear that the temperature-
dependent ∆1/T1T is distinct for the
77Se and 57Fe
nuclei [Fig. 4(b)] as we expected. For the 57Fe nuclei,
the temperature-dependent ∆1/T1T only becomes signif-
icant below T ∗ and roughly follows the same temperature
dependence as that for ∆Ks(T ), which supports a spin-
space anisotropy from the dynamic spin susceptibility. In
contrast, for the 77Se nuclei, the temperature-dependent
∆1/T1T shows a nonmonotonic temperature dependence.
This is because the effect of the k-space and spin-space
anisotropies on ∆1/T1T is not simply additive. Just be-
low Tnem, the ∆1/T1T is dominated by the anisotropic
spin excitations in k space, which is always twisted with
the orbital order and which shows a rapid increase sim-
ilar to that in ∆Ko(T ). When the temperature is lower
than T ∗, the contribution from the spin-space anisotropy
comes into play. This case leads to a slight decrease in
∆1/T1T for the
77Se nuclei (see Fig. S8a in the Supple-
mental Material [39]). In summary, the above results for
the nuclear spin-lattice relaxation also confirm a signifi-
cant spin-space anisotropy in the dynamic spin suscepti-
bility, which further supports a nontrivial SOC effect in
the nematic state of the FeSe.
IV. DISCUSSION AND CONCLUSIONS
Although the SOC always leads to a twist of spin and
orbital d.o.f., the sizable spin-space anisotropy observed
in the present study indicate a nontrivial SOC effect in
the nematic state. In FeSCs, the driving force for a ne-
matic transition is still under debate [35]. Due to the
absence of a magnetic order, a simple orbital-driven ne-
matic order has been proposed to understand the nematic
transition in FeSe [33]. In this case, a trivial SOC effect
will be expected with a negligible in-plane anisotropy for
spin susceptibility, which should be simply scaled with
the orbital order [36, 60]. Clearly, this is inconsistent
with our observation. However, if we consider a simply
spin-driven nematic order, it would also be difficult to
understand the distinct temperature-dependence of the
anisotropy of spin susceptibility from the nematic order.
All these facts indicate that a simple spin or orbital-
driven scenario is not enough to account for these new
NMR results.
In this section, we would like to discuss the possible
role of Hund’s coupling in such a nontrivial SOC effect. A
distinguished character for the Hund’s coupling-induced
electronic correlation is orbital selectivity [48, 49, 52, 54].
As discussed before, the orbital-dependent spin suscepti-
bility determined by the 57Fe NMR result confirms such
orbital-selective electronic correlation and suggests a pre-
dominant role of localized spin for the local spin suscep-
tibility. For this situation, a simplified picture for under-
standing the origin of spin susceptibility is based on the
coexistence of both local and itinerant spins. Although
such a picture is quite practical for explaining the results
of the 57Fe Knight shift, it also highlights another fun-
damental issue for FeSCs, which is how to understand
the origin of localized spins in FeSCs. Answering this
question is beyond the scope of the present work. Hence,
we only introduce a promising approach that is based
on an empirical two-fluid model for FeSCs [52, 61–63],
to discuss this issue. In this model, the total electronic
spectral weight is separated into two distinct parts. One
part is relatively coherent and it is related to the itin-
erant spins. The other part is relatively incoherent and
it is related to the local spins. The intra-orbital Hund’s
coupling leads to an on-site ferromagnetic coupling be-
tween these itinerant spins and the localized spins. Based
on above empirical model, we propose a simple picture
to understand the above nontrivial SOC effect in the ne-
matic state. As shown in Fig. 5, as the incoherent-to-
coherent crossover on the 3dxy orbtial is developing below
Tnem, a coherent on-site ferromagnetic coupling between
localized spins and itinerant spins is also simultaneously
built up. This means that the electronic system evolves
8FIG. 5: A proposed physical scenario for the spin-orbital intertwined nematic state in FeSe. We adopt an empirical two-fluid
model (detail description is presented in the main text) to explain our proposed scenario. The coherent part in this model
contributed to the Fermi surface, which is related to itinerant spin d.o.f.. The incoherent part in this model stand for the local
spin d.o.f. with a predominant 3dxy character. These two parts are coupled by Hund’s coupling. Above Tnem, the coupling
between the local and itinerant spins is incoherent. A negligible SOC effect was verified by the recent INS experiments [13].
A nearly isotropic temperature-dependent bulk magnetic susceptibility is also confirmed, which is consistent with a negligible
SOC effect (see Supplemental Material [39]). Below Tnem, an orbital order driven by nematic transition emerges and the
corresponding temperature-dependent order parameter (Ψorb) obeys a standard second-order phase transition. Such orbital
order break the rotational symmetry of the lattice and lead to a simultaneous Fermi surface reconstruction. Considering a finite
SOC, the spin d.o.f. should also break the rotational symmetry due to orbital order. In this case, if the spin susceptibility is
dominated by the local spins, and only a negligible in-plane anisotropy (Ψsn) can be observed through local spin susceptibility.
However, a sizeable in-plane anisotropy of spin susceptibility is verified by the NMR experiment in this research (ellipsoid with
a long axis along the a and c crystallographic directions at the left bottom inset), which is ascribed to an emergent coherent
coupling between local and itinerant spins by Hund’s coupling below Tnem. A remarkable change of Ψsn only happens below
T∗, which also proves that such sizeable in-plane anisotropy is related not only to the orbital order but also the the Hund’s
coupling-induced coherence. For more details, see the main text.
from an incoherent state with two spin fluids into a coher-
ent state with a single spin fluid. In such coherent state,
although the orthorhombicity due to orbital order is less
than 0.3 percent, the SOC induces a strong coupling be-
tween spin and orbital d.o.f., which gives rise to sizeable
in-plane anisotropy of the local spin susceptibility. This
is ascribed to a nontrivial SOC effect due to the Hund’s
coupling-induced electronic correlation, which is also the
manifestation of a spin-orbital-intertwined nematic state.
Following the above scenario, the superconducting
state may also be strongly affected by SOC. Recently,
an extremely anisotropic superconducting gap has been
observed in bulk FeSe [16, 17]. Moreover, the supercon-
ducting pairing has also been revealed as orbital selec-
tive [64]. All of these experimental results may have a
strong link with the spin-orbital-intertwined nematicity
observed in the present work. Interestingly, a previous
NMR study found that the Knight shift stayed almost
constant across the superconducting transition temper-
ature [33, 34], which leads to an argument for p-wave
pairing [17]. This case is worthy of further exploration
by considering a nontrivial SOC effect. In addition, an-
other possible SOC effect on the superconducting state
has also been suggested by a recent high-field study [65].
Currently, the SOC effect on the superconducting state
is still elusive, which calls for further studies.
In conclusion, by utilizing a site-selective NMR mea-
surement, the Hund’s coupling-induced orbital-selective
electronic correlation is reconfirmed by investigating
the orbital-dependent local-spin susceptibility in FeSe,
9suggesting a predominant role for the 3dxy orbital in
spin susceptibility. This result also indicates that the
itinerant spins alone were not enough to account for spin
susceptibility and that local spins should be seriously
considered as a predominant origin. Furthermore,
the temperature evolution of the orbital-dependent
local-spin susceptibility reveals a remarkable change of
the 3dxy orbital in the nematic state, which is definitely
beyond a trivial ferro-orbital order picture. This result
also enables us to propose a Hund’s coupling-induced
incoherent-to-coherent crossover on the 3dxy orbital,
which may have a close correlation with a recently
discovered hybridization gap around the M point.
Finally, due to a nontrivial SOC effect, sizeable in-plane
anisotropy of the spin susceptibility is observed in the
nematic state, which suggests a spin-orbital-intertwined
nematicity rather than simply spin- or orbital-driven
nematicity in the FeSe.
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